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INTRODUCTION
Solar power energy would become more and more important in Japan. However, there are few suitable areas for a large-scale solar power plant except for land reclaimed from the sea in Japan. Since reclaimed land is easy to subside and a great uneven subsidence of the reclaimed land destroys a solar panel on the reclaimed land, periodical deformation measurement of solar panels is essential. The periodic deformation measurement of solar panels requires that a root mean squares of errors (RMSE) in height measurement should be less than a half of one decimeter. Conventional aerial photogrammetry by using images acquired by a manned aircraft cannot achieve the required accuracy, because the scale of the images is too small.
In the meantime, various unmanned aerial vehicles (UAVs) have been utilized for photogrammetry (Eisenbeiss, 2011) . The photogrammetric potential of an UAV has been recently evaluated in several studies (Gülch, 2011 , Haala et al., 2011 , Küng et al., 2011 , Vallet et al., 2011 , Rosnell and Honkavaara, 2012 . Küng et al. (2011) reported photogrammetric experiments by using a fixed wing type micro UAV. Their report showed that they achieved a highly accurate result that a RMSE in height measurement at 12 control points were 17 mm by using 12 control points and 73 images which were collected from a flying height of 130 m above the ground level. Rosnell and Honkavaara (2012) reported photogrammetric experiments by using a quadrocopter type micro UAV as well. They reported that they obtained an accurate result that a RMSE in height measurement at 24 check points were 10.6 cm by using 31 control points and 251 images which were collected from a flying height of 110 -130 m above the ground level. These reports suggested that it would be possible to measure deformation of solar panels with sufficient accuracy by means of UAV photogrammetry.
Since a camera on board an UAV is not a large format camera owing to the payload limitation of the UAV, the flight attitude of the UAV should be low enough to acquire images with sufficient ground resolution for the deformation measurement of solar panels. It is thought that a micro UAV is a desirable platform to acquire large-scale images suitable for the deformation measurement of solar panels. This paper reports an experiment to investigate the feasibility of the deformation measurement of a large-scale solar power plant on reclaimed land by using images acquired by a non-metric digital camera on board a micro UAV.
OUTLINE OF THE EXPERIMENT
Two teams engaged in the experiment. One carried out orientation and measurement following the procedure of conventional aerial photogrammetry, and the other executed those in the manner of close range photogrammetry. We name the former Team-A, while we name the latter Team-C in the paper.
Target solar panels
The experiment was conducted in the 1/64 part of the Sakai Solar Power Station of the Kansai Electric Power Co., Inc. consisting of 113152 solar panels on reclaimed land with an area of 0.3 km 2 on the coast of Osaka Bay. The experiment area was a rectangle 54 m wide (East-West) and 75 m long (NorthSouth) and had 1762 solar panels of 52 columns (East-West) by 34 rows (North-South). Each solar panel was a rectangle 1.01 m wide and 1.36 m long. Figures 1 and 2 show the target solar panels in the experiment area. Since the critical limit of deformation of a solar panel is 78 mm off the plane, it is required that a RMSE in height measurement should be less than 26 mm that is 1/3 of the critical limit of deformation.
Image acquisition
We obtained images by a non-metric digital camera on board a Microdrones md4-1000 quadrocopter, which is called md4-1000 for short from now on. The md4-1000 shown in Figure 3 is an AUMAV (Autonomous Unmanned Micro Aerial Vehicle), and has a GPS navigation system and a lens interchangeable digital camera Olympus PEN E-P2 with Olympus M.ZUIKO DIGITAL 17 mm F 2.8 lens, which is called E-P2 for short from now on. The maximum payload and the dimensions of the md4-1000 are 1200 g and 1030 mm from rotor shaft to rotor shaft respectively. The flight time of the md4-1000 with the maximum payload 1200 g is approximately 20 minutes. The sensor size of the E-P2 is 17.3 mm by 13.0 mm and the number of recording pixels of the E-P2 is 4032 pixels by 3024 pixels. Accordingly the pixel size on the focal plane of the E-P2 is 4.3 m by 4.3 m. 
Camera calibration
Since the E-P2 is a non-metric digital camera, it is necessary to estimate its image distortion model accurately when it is used for measurement. We adopted an image distortion model that consists of a principal distance, offsets from the principal point to the center of the image frame, radial and decentering distortion components. The image distortion model adopted in the experiment is widely used in close range photogrammetry (Luhmann, 2006) .
We estimated the image distortion model of the E-P2 by two calibration methods: a pre-calibration method and a selfcalibration method. The pre-calibration was carried out by using images which were acquired following the procedure of PhotoModeler Pro 5 software (EOS Systems Inc., 2003) . A set of calibration points distributed on a 2D plane was applied in the pre-calibration. We utilized 10 by 10 black filled circles on a white sheet as calibration points. A round of camera calibration utilized a set of 16 convergent images acquired from 4 different directions with 4 different camera frame rotation angles of 0°, +90°, +180°, and −90° around the optical axis of the E-P2. On the other hand, the self-calibration was conducted by the Team-A and the Team-C individually.
Orientation and measurement
We placed 8 control points around the experiment area. Measurement results by the UAV photogrammetry were evaluated by the space coordinates of 220 check points which were corner points of 55 solar panels selected from 1768 solar panels in the experiment area. The reference space coordinates of the check points were measured by a total station, and the approximate accuracy of the measurement was expected to be 3 mm in height on the average. Figure 7 shows the arrangement of the control points and the check points on the selected solar panels. 
RESULTS AND DISCUSSION
The Team-A got the poor result that a RMSE of the check points in height measurement was 1235 mm by using the ISAT with self-calibration. The Team-A considered that the selfcalibration in the ISAT did not work well. Accordingly, the Team-A decided to apply a piece of close range photogrammetry software developed by the Team-C for orientation and measurement in the experiment. Table 3 shows RMSEs obtained in the experiment. The measurement by using the orientation parameters estimated by the orientation with self-calibration by the Team-C was the only measurement that satisfied the required accuracy that a RMSE in height measurement should be less than 26 mm. Table 3 . RMSEs on image and in space All the RMSEs on image in the orientation were less than 0.8 pixels, and all the RMSEs in space of the 8 control points in the orientation were less than 9 mm. On the contrary, the RMSEs in space of the 220 check points in the measurement ranged widely from 8.7 mm to 122.4 mm. From these results, we concluded that either a RMSE on image in the orientation or a RMSE in space of the control points in the orientation cannot suggest the accuracy of the height measurement in the experiment.
The measurement results shown in Table 3 indicate that the precalibration would be unable to estimate the image distortion model of the E-P2 accurately. We guessed that the difference in image scale between the pre-calibration and the measurement might produce the low measurement accuracy. As for camera calibration in UAV photogrammetry, Pérez et al. (2011) compared two camera calibration methods: a laboratory calibration method and a field calibration method. Although the difference in image scale between the two calibration methods in their experiment was large, the difference in RMSE on image between the two calibration methods was small enough. Unfortunately, they did not report the difference in measurement accuracy between the two calibration methods.
We are planning to conduct additional calibration to investigate the effect of the difference in image scale between precalibration and measurement on measurement accuracy.
We wondered whether the result that the RMSE in height measurement of the check points by the Team-A was much larger than that by the Team-C would be brought by the following differences between the Team-A and the Team-C:  The difference of the images utilized in the orientation and the measurement as Figures 5 and 6 show.  The difference of the arrangement of the orientation points as Figures 8 to 11 show.  The difference of the number of the bundles of an orientation point as Table 1 shows.  The difference of the arrangement of the check points on image as Figures 12 to 13 show.  The difference of the number of the bundles of a check point as Table 2 shows.
As for the difference of the images utilized in orientation and measurement, we conducted additional orientation and measurement by using the images utilized by the Team-A in the same manner as the Team-C did. We obtained the result that a RMSE in height measurement by using the orientation parameters estimated by the orientation with self-calibration was 14.8 mm, which satisfied the required accuracy. Therefore we concluded that the difference of the images utilized in the experiment did not make the difference in measurement accuracy in the experiment.
We have been conducting studies in order to clarify the cause of the difference in measurement accuracy between the Team-A and the Team-C. The arrangement of the orientation points of the Team-A looks quite different from that of the Team-C as Figures 8 to 11 show. Moreover, the average number of the bundles of a orientation point of the Team-C was one and a half times as many as that of the Team-A. We doubt that the difference of the arrangement of the orientation points and the difference of the number of the bundles of an orientation point would make the difference of the accuracy in height measurement.
As for the difference of the number of the bundles of a check point, almost all the check points of the Team-A were measured only on two adjacent images, while the check points of the Team-C were measured on more than five images on the average. We wonder whether the difference of the number of the bundles of a check point would make the difference of the accuracy in height measurement of the check points. We guess that the difference of the locations of the image points on image utilized in the measurement between the Team-A and the Team-C shown in Figures 12 and 13 might make the difference of the accuracy in height measurement of the check points as well.
Furthermore, we wonder whether the 8 control points located around the experiment area might be fewer in number and be arranged in a bad location. We are going to plan to investigate the effect of the number and the arrangement of control points on measurement accuracy to find an appropriate number and an appropriate arrangement of control points.
CONCLUSION AND FUTURE WORKS
From the experiment results, we concluded that the deformation measurement of a large-scale solar power plant on reclaimed land by using images acquired by a non-metric camera on board a micro UAV would be feasible if points used in orientation and measurement have a sufficient number of bundles in good geometry and self-calibration in orientation is carried out.
We have been performing studies in order to clarify the cause of the difference of the measurement accuracy between the Team-A and the Team-C. We are planning to conduct additional calibration to investigate the effect of the difference in image scale on measurement accuracy to find an appropriate calibration method. Furthermore, we are going to plan to investigate the effect of the number and the arrangement of control points on measurement accuracy to find an appropriate number and an appropriate arrangement of control points.
